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Abelson interacting protein (Abi) is a component of the SCAR 
complex and transmits small GTPase Rac1 signaling to the Arp2/3 
complex, triggering actin assembly. Previous reports have 
demonstrated that Abi and SCAR are critical for Rac-dependent 
membrane protrusion and macropinocytosis. In addition, Abi 
regulates actin polymerization through the signaling cascade 
involving another small GTPase molecule, Cdc42, and its 
downstream effector, the WASp protein. However, it has not been 
elucidated the biological significance of actin regulation of Abi via 
Cdc42-WASp. Here, I investigated the Abi influences on 
hematopoiesis in Drosophila. Expression data demonstrated that Abi 
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acts cell-autonomously in hematopoiesis. Loss of Abi led to a 
substantial decrement in the crystal cell population and 
downregulation of Notch response element in the late third instar 
larval stage. Genetic studies revealed that abi and notch interact to 
participate in the differentiation process of crystal cells. These 
results implicate that Abi is essential for transdifferentiation to 
crystal cells via positive modulation of Notch signaling. For 
controlling of Notch signaling, Abi promotes clathrin-dependent 
endocytosis of Notch receptor by actin regulation through Cdc42-
WASp pathway rather than Rac1-SCAR pathway. My research on 
identifying the physiological function of Drosophila Abi in 
hematopoiesis will serve as fundamental data for the 
pathophysiological study of myeloproliferative neoplasms exhibiting 
the loss of human Abi. 
 
 
Keywords:  Abi, Notch signaling, Crystal cell, Transdifferentiation, 
Endocytosis, Hematopoiesis 
 









Table of Contents 
 
Abstract  .................................................................................... 1 
 
Table of Contents  ..................................................................... 3 
 
List of Figures  .......................................................................... 5 
 
Abbreviations  ........................................................................... 7 
 
Introduction  ............................................................................ 11 
 
  1.  Drosophila melanogaster as a model system of 
      hematopoietic development  ........................................ 11 
 
  2.  The characteristics of Abi proteins and their roles in 
      hematopoiesis  .............................................................. 17 
 
  3.  Purpose of research  .................................................... 25 
 
Materials and Methods  ........................................................... 27 
 
  Fly stocks  ........................................................................... 27 
 
  Larval staging and analysis  ............................................... 28 
 
  Molecular Biology  ............................................................... 28 
 
  Hemocyte counting and statistical analysis  ..................... 29 
 
  Live imaging and analysis ................................................... 30 
 
  Crystal cell visualization and analysis ................................ 30 
 
  Hemocyte immunostaining .................................................. 31 
 
  Cell culture and transient transfections ............................. 32 
 
  Antibody feeding assay  ..................................................... 33 
 
  Wounding assay  .................................................................. 33 
   
 
 4 
  Statistical analysis  ............................................................. 34 
 
Results  .................................................................................... 37 
 
  1.  Loss of Abi leads to hematopoietic defects ............... 37 
 
  2.  Abi regulates transdifferentiation of plasmatocytes 
      into crystal cells  .......................................................... 43 
 
  3.  Abi is required for the crystal cell differentiation  
      in larval stages  ............................................................ 53 
 
  4.  Determination of the Abi expression in hemocytes ... 57 
 
  5.  Abi positively regulates Notch signaling  ................... 60 
 
  6.  Genetic interaction between abi and notch  
      for regulating crystal cell population  ......................... 64 
 
  7.  Abi and WASp interaction for maintaining  
      sessile crystal cell population  .................................... 76 
 
  8.  Clathrin-dependent endocytosis is required for  
      Abi-mediated Notch signaling  ................................... 84 
 
  9.  Serrate-induced Notch internalization is  
      altered by knockdown of abi  ...................................... 99 
 
  10. Abi functions in scab formation  ................................ 104 
 
Discussion  ............................................................................. 108 
 
  1.  Abi functions in hemocyte differentiation during  
      hematopoiesis  ............................................................ 108 
 
  2.  The role of Abi in the regulation of signaling pathway 
      through endocytosis  .................................................. 110 
 





List of Figures 
 
Figure 1.  Differentiation of hemocytes in Drosophila  ................ 13 
 
Figure 2.  Domain structure of Abi and its interacting proteins 
            ........................................................................................ 19 
 
Figure 3.  Comparison of Abi proteins between human and 
           fruit fly  ......................................................................... 21 
 
Figure 4.  Molecular characterization of abi-null mutant and 
           the region of antigen .................................................... 35 
 
Figure 5.  abi mutants show a normal range of total hemocyte 
           number and the distribution of plasmatocytes  ........... 38 
 
Figure 6.  abi mutants exhibit a reduced number of larval 
           crystal cells  .................................................................. 40 
 
Figure 7.  abi mutants have the normal crystal cell number 
           in the embryonic stage  ................................................ 45 
 
Figure 8.  abi mutants have the normal crystal cell number 
           in the second instar larval stage  ................................. 47 
 
Figure 9.  Loss of Abi impairs transdifferentiation of  
           plasmatocytes to crystal cells ...................................... 50 
 
Figure 10. Abi is required for positive regulation of the crystal  
           cell differentiation  ........................................................ 54 
 
Figure 11. Abi is expressed in both plasmatocytes and  
           crystal cells  .................................................................. 58 
 
Figure 12. Loss of Abi leads to the reduction of Notch 
           signaling in sessile hemocytes  .................................... 61 
 
Figure 13. Depletion of Notch in embryonic stage exhibits a 
           reduction of crystal cells  ............................................. 65 
 
Figure 14. Plasmatocyte-specific depletion of Notch exhibits  




Figure 15. abi genetically interacts with notch to regulate  
           crystal cell population  ................................................. 70 
 
Figure 16. abi and serrate work together in crystal cell 
           differentiation  ............................................................... 74 
 
Figure 17. Schematic representation of domain mutations  
           in Abi  ............................................................................ 78 
 
Figure 18. C-terminal SH3 domain of Abi contributes to the 
           crystal cell differentiation  ........................................... 80 
 
Figure 19. Abi and WASp are genetically interacted for 
           sustaining sessile crystal cell population  ................... 82 
 
Figure 20. Alteration of Cdc42 expression leads to crystal cell 
           differentiation defect  ................................................... 86 
 
Figure 21. Depletion of WASp leads to a reduction in the  
           number of crystal cells  ................................................ 88 
 
Figure 22. Impairment of Chc and AP-2α expression reduces 
           sessile crystal cell differentiation  .............................. 90 
 
Figure 23. Impairment of Rac1-SCAR mediated macropino- 
           cytosis does not work on the process of the 
           crystal cell differentiation ............................................. 94 
 
Figure 24. Loss of Graf does not influence the crystal cell  
           differentiation  ............................................................... 97 
 
Figure 25. Serrate-induced Notch internalization is blocked 
           by knockdown of abi, Chc, and WASp  ......................100 
 
Figure 26. Loss of Abi delays melanization at injury site  .........106 
 







Abi  Abelson interacting protein, Abl interactor 
Abl  Abelson 
ADP  Adenosine diphosphate 
AEL  After egg laying 
AML   Acute myeloid leukemia  
Arp2/3  Actin related protein 2/3 
AP   Adaptor protein  
BCR  Breakpoint cluster region 
BMP  Bone morphogenetic protein 
BSA  Bovine serum albumin 
bp  Base pair 
CDE  Clathrin-dependent endocytosis 
Chc  Clathrin heavy chain 
CIE  Clathrin-independent endocytosis 
CML   Chronic myeloid leukemia  
CtBP1  C-terminal binding protein-1 
Cy  Cyanine fluorescent dye 
CYFIP  Cytoplasmic Fragile X mental retardation1-interacting 
  protein        
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dsRNA  Double strand ribonucleic acid 
EGFP  Enhanced green fluorescent protein 
EGFR  Epidermal growth factor receptor 
ET   Essential thrombocythemia 
F-actin Filamentous actin 
FITC  Fluorescein isothiocyanate 
FBS  Fetal bovine serum 
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GEEC  GPI-enriched endocytic compartment 
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GPI  Glycosylphosphatidylinositol  
Graf  GTPase regulator associated with focal adhesion  
  kinase 
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NESH  New molecule including SH3 
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PPO  Prophenoloxidase 
PRR  Proline-rich region 
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Pvr  PDGF-/VEGF-receptor related 
Rab  Ras-related proteins in brain 
RNAi  RNA interference  
rpm  Revolutions per minute 
rp49  Ribosomal protein 49 
RT-PCR Reverse transcription polymerase chain reaction  
RUNX  Runt-related transcription factor 
Sara  Smad anchor for receptor activation 
SCAR  Suppressor of cAMP receptor 
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SH3  Src homology 3 
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Sra  Steroid receptor RNA activator 
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Twf  Twinfilin 
UAS  Upstream activating sequence 
WAB  WAVE-binding 
WASP,WASp Wiskott-Aldrich syndrome protein 
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1. Drosophila melanogaster as a model system of  
hematopoietic development 
 
Hematopoiesis is the process of forming the blood cells that 
compose the immune system. These immune cells are responsible 
for the immune response within individual organisms and maintain 
the homeostasis that plays a vital role in survival. The 
hematopoietic stem cells (HSCs) differentiate progenitor cells, 
which include myeloid progenitor cells and lymphoid progenitor 
cells. The lymphoid progenitor cells are differentiated into cell lines 
associated with the adaptive immune system such as B cells, T cells, 
and Natural Killer cells (NK cells). The myeloid progenitor cells 
introduced previously are differentiated into erythrocytes, 
granulocytes, macrophages, mast cells, megakaryocytes and so 
forth. This myelopoiesis proceeds in the bone marrow of 
vertebrates and regulates innate immunity or blood coagulation. 
Thus, studying hematopoiesis provides a better understanding of 
disorders that are linked to the dysregulation of this process. 
Myeloproliferative neoplasms (MPNs) are a group of clonal 
diseases characterized by the hyperproliferation of myeloid cells in 
the bone marrow (Dameshek, 1951; Vardiman et al., 2009). One in 
particular, chronic myeloid leukemia (CML), results from an 
abnormal hyperplastic state of hematopoietic stem cells in the bone 
marrow (Quintas-Cardama and Cortes, 2009). The MPNs are 
related to acute myeloid leukemia (AML) which is a malignancy of 
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immature cells in the bone marrow (Döhner et al., 2015). Primary 
myelofibrosis (PMF) is a chronic MPN characterized by bone 
marrow fibrosis (Barbui et al., 2018). Because of the fibrosis, the 
hematopoietic stem cells are unable to produce enough normal blood 
cells. The reduction in the number of blood cells causes anemia with 
nucleated and teardrop-shaped red blood cells and splenomegaly.  
The immune cells of invertebrates are called hemocytes, and 
the Drosophila hemocytes are differentiated from prohemocytes, as 
precursors, to three types of circulating hemocytes (Figure 1). The 
process of hemocyte production in flies formed through two 
streams, embryonic hematopoiesis for larval stages and larval 
hematopoiesis for adult stages (Meister, 2004; Milchanowski et al., 
2004; Evans et al., 2008). Plasmatocytes are the most abundant 
cells of Drosophila hemocytes having high rates of self-renewal. 
They have a phagocytic activity to dead cells and bacteria like 
vertebrate macrophage. The second type of hemocytes is the 
crystal cell, named for its crystal structured cytoplasm. Crystal 
cells are vertebrate platelet-like cells that have functions in wound 
healing and clotting against cuticle injury and microbial invasion 
(Rizki et al., 1980; Gajewski et al., 2007). Mature crystal cells can 
release prophenol oxidase required for melanization, where soft 
clots are formed by coagulation of hemolymph and hardened via 
localized melanization at wound sites. The third type of Drosophila 
hemocytes is lamellocyte, which is a large, flat, and adherent cell 
rarely  founded  under  normal  conditions.  Lamellocytes  are  
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Figure 1. Differentiation of hemocytes in Drosophila.   
Prohemocytes as multipotent progenitors differentiate three types 
of hemocytes. Plasmatocytes constitute around 95% of the 
hemocyte population. The major function of plasmatocytes is 
phagocytosis of apoptotic cells and invading bacteria. Crystal cells 
include enzymatic crystalline in the cytoplasm. Disruption of crystal 
cells promotes enzymatic activity for melanization that is necessary 
for wound healing and clotting. Lamellocytes are rarely founded 
under healthy conditions and differentiated in response to 
infestation, resulting in encapsulation of parasite wasp egg. 






 differentiated in response to parasitization by wasps such as 
Leptopilina boulardi or in metamorphosis having encapsulation 
activity (Rizki TM and Rizki RM, 1992).  
During hematopoiesis, differentiation from progenitor cells 
should be tightly regulated by signal transduction pathways. The 
signal transduction pathways that contributed to the production and 
differentiation of hemocytes are very similar to that of mammalians, 
and the transcription factors involved in Drosophila hematopoiesis 
are evolutionarily preserved (Waltzer et al., 2003). The GATA 
family of transcriptional factors is conserved between humans and 
fruit flies and these factors mediate developmental programs of 
blood cells (Orkin et al., 1998; Cantor and Orkin, 2002; Maduro and 
Rothman, 2002). In Drosophila, Serpent (Srp) has fundamental 
roles in promoting hematopoietic development in embryonic head 
mesoderm, corresponding to murine GATA family (Shivdasani et al., 
1997; Pai et al., 2003; Rodrigues et al., 2005). With Srp, Lozenge 
(Lz) works together to determine the crystal cell fate and to control 
the crystal cell differentiation, serving as a representative marker 
of crystal cells. Fly Lz shows high similarity to human Runx1 
transcription factors (Daga et al., 1996).  
One of the well-conserved signaling pathways in Drosophila 
hematopoiesis is Notch signaling. The signal transduction pathway 
mediated by Notch receptor controls development and homeostasis. 
The Notch is a heterodimer composed of the extracellular domain 
(Necd) and the intracellular domain (Nicd), held together 
noncovalently. The ligands of Notch belong to Delta/Serrate/Lag-2 
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(DSL) family which are also transmembrane proteins. There are 
one Notch receptor and two ligands of Notch, Delta and Serrate, in 
Drosophila. Notch signaling takes place between juxtaposed 
neighboring cells due to the nature of ligand and receptor and is 
initiated by the binding of a ligand to Notch. The ligand-activated 
Notch is internalized to Rab5-positive early endosomes or Sara-
positive signaling endosomes (Loubéry et al., 2014; Montagne and 
Gonzalez-Gaitan 2014; Chapman et al., 2016). After cleavage by γ-
secretase, the intracellular domain of Notch is released and 
translocated into the nucleus then functions as a transcriptional 
coactivator.  
Notch signaling is generally known to act in the crystal cell 
development during Drosophila hematopoiesis. Lz is considered to 
be a part of the downstream of Notch and in combination with Notch 
at target enhancers, klumpfuss and pebbled/hindsight (Terriente-
Felix et al., 2013). Circulating crystal cell population is formed 
through two differentiation processes until late third instar larval 
stage. Embryonic Lz is expressed in crystal cell precursors located 
in head mesoderm at stage 7 (Bataillé et al., 2005). Sessile 
hemocyte clusters are the hematopoietic tissues that provide the 
cell fate transition from plasmatocyte into the crystal cell during 
larval stages (Markus et al., 2009; Leitão and Sucena, 2015). 
Serrate-Notch signaling participates plasmatocyte transdifferen-
tiation in sessile clusters. Expression of a general Notch reporter, 
Notch response element (NRE)-EGFP, indicates that Notch 
activation is specific on Lz-expressing crystal cells. These reports 
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demonstrate that Notch signaling is essential for the formation of 
the crystal cell population, but it was not clear how Notch signaling 
could be regulated and transmitted during the crystal cell 
development. 
 
2. The characteristics of Abi proteins and their roles in 
hematopoiesis    
 
Actin polymerization is regulated by members of the Rho family of 
small GTPases (Hall, 1998; Begum et al., 2004). Specifically, Rac 
and Cdc42 are activated in response to extracellular signals and 
triggers actin-related protein 2/3 (Arp2/3) complex (Soderling, 
2009; Kurisu and Takenawa, 2009; Jia et al., 2010). The Arp2/3 
complex activates filamentous actin (F-actin) nucleation. One of 
the Arp2/3 activators is Wiskott-Aldrich syndrome protein (WASP, 
WASp) initially identified in patients with Wiskott-Aldrich 
syndrome, an X chromosome-linked disease characterized by 
immune disorders and thrombocytopenia (Parolini et al., 1997). 
Another regulator of Arp2/3-dependent actin nucleation is WASP 
family verprolin homologous (WAVE) protein, also known as 
suppressor of cAMP receptor (SCAR) protein in Drosophila. WASP 
and WAVE proteins are maintained in an inactive state in the 
cytosol under resting conditions. In response to extracellular stimuli, 
autoinhibitions of WASP and WAVE are relieved by the binding of 
GTP-bound Cdc42 and Rac1, respectively.  
Abelson interacting protein or Abl interactor, commonly known 
as Abi, was originally identified as a substrate adaptor protein for 
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the Abl tyrosine kinase protein (Tani et al., 2003). A generally 
known feature of Abi is a multi-modular protein that interacts with 
several key regulators of actin dynamics (Figure 2). It consists of 
an amino-terminal WAVE-binding (WAB) domain, a homeodomain 
homologous region (HHR), three of proline-rich regions (PRRs), 
and a carboxyl-terminal SH3 domain. Abi protein directly binds to 
SCAR/WAVE protein through its N-terminal WAB domain (Echarri 
et al., 2004) while also binding to Kette/NAP1 via central HHR 
(Bogdan et al., 2004) and interacting with WASp protein through 
the C-terminal Src homology 3 (SH3) domain (Bogdan et al., 2005). 
Abi protein is a crucial component of the SCAR/WAVE complex, 
which relays signals from Rac1 to Arp2/3. Abi, Kette, and Sra1 
control the stability of SCAR/WAVE complex to regulate the 
formation of actin protrusions (Kunda et al., 2003). It has been 
identified that there are three Abi family proteins found in 
vertebrates (Figure 3). Abi1 and Abi2 were initially identified as 
proteins that bind to the PxxP motif in Abl and negatively modulated 
its transforming activity (Shi et al., 1995; Dai and Pendergast, 
1995). A third member, Abi3, was identified as a novel gene in 
humans (NESH) that possesses an SH3 domain and was later 
incorporated into the Abi family based on amino acid sequence 
similarity (Miyazaki et al., 2000). However, its binding activity with 
Abl has not been identified (Hirao et al., 2006; Sato M et al., 2012). 
In Drosophila, there is one Abi protein corresponding to vertebrate 
proteins with high similarity.  
Actin regulation is accompanied by changing the shape of the  
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Figure 2. Domain structure of Abi and its interacting proteins. 
The schematic of the domain structure of Drosophila Abi. It 
contains a WAVE-binding (WAB) domain, a homeodomain 
homologous region (HHR), three of proline-rich regions (PRRs), 
and a Src homology 3 (SH3) domain. The black boxes represent the 
proline-rich region. P in the round means phosphorylation site by 
Abl kinase. The interacting protein of the individual domain 
indicates a double-sided arrow. N-terminal WAB and HHR domains 
respectively interact with SCAR/WAVE and kette/Nap1 which are 
WAVE complex components stimulated by GTP-bound form of 
Rac1 GTPase. SCAR/WAVE binds to HSPC300, kette/NAP1 
attaches to Sra1/CYFIP1 to form a WAVE complex. C-terminal SH3 
domain interacts Abl as well as WASP. Cdc42 in GTP-bound active 
state directly binds to WASP. WAVE and WASP are regulators of 





Figure 3. Comparison of Abi proteins between human and fruit fly. 
There are three vertebrate Abi family proteins and single 
homologue in the fly. The mammalian Abi proteins have a similar 
domain structure to fly Abi with WAB domain, HHR domain, 
proline-rich regions, and SH3 domain, additional serine/threonine-
rich region (SR) and polyproline structure (PP). Amino acid 
residues are numbered in each protein. (The mammalian Abi domain 







 plasma membrane in charge of endocytosis and endosomal sorting 
(Mooren et al., 2012). Endocytosis is divided into two major 
pathways, clathrin-dependent endocytosis (CDE) and clathrin-
independent endocytosis (CIE). Clathrin-dependent pathway is 
mediated by the assembly of clathrin to form coated vesicle and by 
direct binding of adaptor protein-2 (AP-2) complex to clathrin and 
cargo destined for internalization. Clathrin-independent pathway 
encompasses the endocytosis that occurs in the absence of clathrin, 
such as caveolin-dependent endocytosis, GPI-enriched endocytic 
compartment (GEEC) pathway, phagocytosis, and macropinocytosis. 
WASP and Arp3 are colocalized with clathrin during initiation of 
endocytosis in cultured fibroblasts, indicating that WASP and 
Arp2/3 complex are recruited to sites of clathrin-dependent 
endocytosis to move a short distance into the cytosol (Merrifield et 
al., 2004). Drosophila Abi regulates bristle formation required with 
WASP function for F-actin induction (Bogdan et al., 2005). Abi1 is 
involved in epidermal growth factor receptor (EGFR) endocytosis 
through WASP and also engaged in ruffle formation and 
macropinocytosis via WAVE (Innocenti et al., 2005). SCAR/WAVE 
complex is linked with membrane protrusions such as lamellopodia 
and filopodia. Moreover, Abi and Rac1-WAVE are critical players in 
macropinocytosis (Kerr and Teasdale, 2009; Dubielecka et al., 
2010; Rottner et al., 2010; Fujii et al., 2013), implicating that Abi is 
an endocytic molecule. Phosphorylation of Abi by Abl is critical for 
binding Abi to SCAR complex (Kotula, 2012), suggesting that Abi-
Abl-Rac1-WAVE pathway acts in macropinocytosis. Our lab 
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recently published about Abi-SCAR pathway to regulate synaptic 
growth (Kim et al., 2019). It demonstrated that Abi, Abl, Rac1 and 
WAVE are participated in macropinocytic regulation of BMP 
receptor to attenuate retrograde BMP signaling at the Drosophila 
neuromuscular junction. However, the molecular mechanism of 
Abi-WASP pathway and their physiological significance remain to 
be elucidated.  
Involvement of chromosomes in reciprocal translocations is the 
feature of many hematological malignancies. BCR-ABL1 oncogene, 
whose role in hematopoiesis has been well defined, is generated by 
the balanced reciprocal translocation and is associated with CML 
due to its excessive kinase activity (Quintas-Cardama and Cortes, 
2009). Recurrent translocations of human MLL (myeloid/lymphoid 
or mixed-lineage leukemia) gene has been reported to be 
associated with AML. Abi revealed one of the partner genes of MLL 
in that MLL-ABI chimeric transcripts were detected in bone 
marrow cells from AML patients (Taki et al., 1998; So et al., 2000; 
Shibuya et al., 2001). Furthermore, recent studies have discovered 
that conditional deletion of Abi1 causes MPNs in mouse bone 
marrow (Chorzalska et al., 2018). Moreover, Abi1 protein and 
mRNA levels are decreased in hematopoietic progenitors from 
patients with PMF, but not from those with essential 
thrombocythemia (ET) or polycythemia vera (PV). These data 
implicated that Abi has a role in hematopoiesis, yet its function has 




3. Purpose of research 
 
As previous reports have suggested that Abi may influence 
hematopoietic diseases, my research has focused on identifying the 
role of Abi in hematopoiesis. As a model to this study specifically, 
the Drosophila hematopoietic system has several advantages on the 
research of blood cells formation, functions, and mechanisms. First 
of all, compared to other model animals, Drosophila is more 
convenient to analyze in terms of understanding the functions of a 
specific gene at the individual level and obtaining the mutant or 
transgenic flies. Additionally, techniques for selectively expressing 
genes depending on the timing of development or the type of cells 
are well developed. Thirdly, hemolymph and lymph gland of 
Drosophila consist of myeloid blood cells and are responsible for 
innate immunity similar to vertebrates. Fourthly, the genes that 
regulate hematopoiesis and corresponding signal transduction 
pathway are evolutionarily preserved with vertebrates (Neyen et al., 
2014; Zacharioudaki and Bray, 2014; Petraki et al., 2015). With 
these advantages, the study of genes that regulate hematopoiesis 
using Drosophila provides important clues to understanding the 
mechanism of human hematopoietic system and associated diseases. 
The first specific aim of my research was to discover the direct 
involvement of Abi in Drosophila hematopoiesis. To test this 
possibility, I examined whether abi mutants have defects in 
hematopoiesis. In addition, I examined the localization of Abi in 
hemocytes. The second specific aim of my research was to define 
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the molecular mechanisms that are regulated by Abi. To test this 
possibility, I examined whether Abi interacts with components of 
the known signaling during hematopoiesis. Furthermore, I examined 
whether Abi is required for the regulation of hematopoiesis specific 
signaling in vivo and in cultured cells. Taken together, my research 
is conducted to clarify the role and to unveil the detailed 








Drosophila melanogaster stocks were raised on standard cornmeal-
dextrose fly media at 25°C. The wild-type strain using in this study 
was w1118. The abi5, UAS-HA-abi, UAS-HA-abiΔ30-65, UAS-HA-
abiW452K, and abi-GAL4 used in the published paper (Kim et al., 
2019) were adopted to this study (Figure 4 and Figure 17). Briefly, 
the abi null allele abi5 was generated by imprecise excision of 
G6718 obtained from GenExel (Daejeon, South Korea). Transgenic 
flies carrying the following constructs were generated in the w1118 
background using standard procedures: abi5, UAS-HA-abi, UAS-
HA-abiΔ30-65, UAS-HA-abiW452K, and abi-GAL4.  
Df(3R)su(Hw)7 (a deficiency of the abi locus, BDSC 1049), lz-
GAL4, UAS-mCD8-GFP recombinant (BDSC 6314), eater-GAL4 
(BDSC 36322), NRE-EGFP (BDSC 30727), UAS-NotchRNAi-1 
(BDSC 7077), UAS-NotchRNAi-2 (BDSC 7078), Notch1 (BDSC 
6873), UAS-Nicd (BDSC 52008), Ser1 (BDSC 2537) WASp1 
(BDSC 51657), SCARΔ37 (BDSC 8754), UAS-Cdc42T17N (BDSC 
6288), Cdc422 (BDSC 9105), UAS-WASpRNAi (BDSC 36119), 
Df(3R)3450 (a deficiency of the wsp locus, BDSC 7688), UAS-
AP-2αRNAi (BDSC 32866), UAS-Rac1T17N (BDSC 6292), UAS-
SCARRNAi (BDSC 31126), UAS-CtBPRNAi (BDSC 31334), UAS-
RabankryinRNAi (BDSC 34883), UAS-GrafRNAi (BDSC 6426) fly lines 
were obtained from the Bloomington Drosophila Stock Center 
(BDSC; Bloomington, Indiana, USA). UAS-ChcRNAi (VDRC 24789) 
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fly line was obtained from the Vienna Drosophila Resource Center 
(VDRC; Vienna, Austria). The srp-GAL4 fly line was kindly 
provided by Lucas Waltzer (Centre de Biologie du Développement, 
Toulouse, France). HmlΔdsRed fly line was kindly provided by Katja 
Brückner (University of California San Francisco, San Francisco, 
California, USA). 
 
Larval staging and analysis 
 
Egg lays took place at 25°C for 6 hours and aged for each 
developmental time point; AEL 68-74 hours as second instar, AEL 
75-81 hours as early third instar, AEL 93-99 hours as mid third 
instar and AEL 109-115 hours as late third instar larvae at 25°C. 




For expression in the S2R+ cells, a full-length cDNA (Clone ID: 
RE42104) for Serrate (CG6127) was from the Drosophila Genomics 
Resource Center (DGRC; Bloomington, Indiana, USA). The Serrate 
cDNA was amplified by two-step PCR to generate cDNA with a C-
terminal Myc (EQKLISEEDL) tag before the stop codon. The 
Serrate-Myc cDNA was ligated into the pGEM-T easy vector and 
then moved into pAc5.1 vector (Invitrogen, Carlsbad, California, 
USA).  
For RNAi experiments in S2-Mt-N cells, abi, Chc, Rabankyrin, 
WASp, and SCAR dsRNAs were synthesized by in vitro 
transcription of their cognate DNA templates, as previously 
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described (Lee et al., 2007). To generate DNA templates, I used 
primers containing the T7 promoter sequence upstream of the 
following: abi, 5’-GCCTCGCATCGATATTCTA-3’ and 5’-
ACCATATAGAGCGTATGTG-3’; Chc, 5’- 
GCCTGCTGGAAATGAAT-3’ and 5’-CGCTCCACCTCCTTAAT-
3’; Rabankyrin, 5’-GCCAAATCTAGTTAAGAAG-3’ and 5’-
GCAGCGGAGATGCCTTATC -3’; Wasp, 5’-
GATGGTCATGTGGGACTAAA-3' and 5’-GATGGATGAC 
GGGTTGGCAC-3'; SCAR, 5’-GTGTATCAGCAGGATGAGC -3’ 
and 5’-CGCCGTGCACCAGTGCACG-3’. 
 
Hemocyte counting and statistical analysis 
 
For counting total larval hemocytes, circulating hemocytes were 
first isolated by bleeding and sessile cells were then released by 
scraping the body wall with a needle under a dissection microscope. 
The collected hemolymph (~1 µl) was mixed with 9 µl of 
Schneider’s medium containing protease inhibitors (Complete; 
Roche Life Science, Penzberg, Germany). The hemolymph sample 
was transferred to a Neubauer improved hemocytometer 
(Marienfeld, Lauda-Königshofen, Germany) for counting under a 
light microscope. The collected values were analyzed for normality 
with the D’Agostino-Pearson omnibus test and used for 
significance testing. To determine statistical significance, I 
performed the Student’s t-test followed by post hoc pairwise 




Live imaging and analysis  
 
For live fluorescent imaging of hemocytes, late third instar larvae 
were carrying HmlΔdsRed were selected under the fluorescence 
microscope and anesthetized with CO2. Images were acquired using 
an Olympus fluorescence microscope.  
To acquire the image from live animals, larvae carrying both 
with lz-GAL4, UAS-mCD8-GFP and HmlΔdsRed or with NRE-
EGFP and HmlΔdsRed are selected under the fluorescence 
microscope. Briefly, selected larvae were washed in PBS, dried on 
filter paper, and placed dorsal side down to confocal dish. Adjusting 
CO2 to anesthetize, images were obtained by a Carl Zeiss 
(Oberkochen, Germany) LSM800 confocal laser scanning 
microscope using a Plan Apo 20x 0.8 NA objective. For analyze the 
population of hemocytes undergoing transdifferentiation, Hml and Lz 
double-positive cells divided Hml-positive cells, both counted 
within sessile clusters. 
 
Crystal cell visualization and analysis 
 
For visualizing mature crystal cells in the larval stage, late third 
instar larvae were heated at 70°C for 10 minutes. Crystal cells in 
the posteriormost abdominal segments A7 and A8 of larvae are 
counted. Images were obtained with an Olympus BX51 microscope 
with a DP72 camera (Shinjuku, Tokyo, Japan). 
For visualizing embryonic crystal cells, recombinant embryos 
were generated by carrying lz-GAL4, UAS-mCD8-GFP in wild-
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type and abi5/Df background, respectively. Then embryos were 
fixed and mounted using the SlowFade reagent. Images were 
obtained by a Carl Zeiss LSM800 confocal laser scanning 
microscope using a Plan Apo 20x 0.8 NA objective. GFP positive 




For immunofluorescence staining, circulating hemocytes were 
obtained by bleeding late third instar larvae in a drop of Schneider’s 
medium on a coverslip. After one-hour incubation at room 
temperature to settle down on a coverslip, the samples were fixed 
in 4% formaldehyde in PBS for 30 minutes. The hemocytes were 
washed three times with PBS containing 0.3% Triton X-100 within 
10 minutes and blocked with 0.1% BSA in PBS for 10 minutes. The 
cells were then stained with mouse anti-NimC1 (kindly gifted from 
Eva Kurucz, Biological Research Center of the Hungarian Academy 
of Sciences, Szeged, Hungary) at 1:200 or mouse anti-Lz antibody 
(Developmental Studies Hybridoma Bank, Iowa City, Iowa, USA) at 
1:5 overnight at 4°C. The samples were incubated with Cy3-
conjugated secondary antibodies (Jackson ImmunoResearch, West 
Groove, Pennsylvania, USA) at 1:200 for 1 hour at room 
temperature. A cell nucleus was visualized using DAPI (1:10000, 
Molecular Probes, Eugene, Oregon, USA). 
For determining the Abi expression, larval sessile hemocytes 
were dissected from mid third instar larvae expressing both 
HmlΔdsRed and lz-GAL4, UAS-mCD8-GFP in PBS and fixed in 4% 
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formaldehyde in PBS for 30 minutes. Fixed samples were washed 
three times with PBS containing 0.3% Triton X-100 with 10 
minutes, blocked with 5% BSA in PBS and incubated with rat anti-
Abi antibody at 1:100 (Kim et al., 2019) overnight at 4°C. Samples 
were incubated with Cy5-conjugated secondary antibodies 
(Jackson ImmunoResearch) at 1:200 for 1 hour at room 
temperature.  
Stained cells were mounted using the SlowFade reagent 
(Invitrogen) and imaged with a Carl Zeiss LSM800 confocal laser 
scanning microscope using a Plan Apo 63x 1.4 NA oil objective. 
 
Cell culture and transient transfections 
 
Drosophila Schneider S2R+ cells were maintained at 25℃ in 
Schneider’s medium (Invitrogen) supplemented with 10% heat-
inactivated (30 minutes, 55ºC) fetal bovine serum (FBS; Gibco, 
Gaithersburg, Maryland, USA). S2R+ cells were transfected with 
C-terminal Myc-tagged Serrate in serum-free medium using 
Cellfectin according to the manufacturer’s instructions.  
 S2-Mt-N cells were purchased from Drosophila Genomics 
Resource Center (DGRC 154) and were grown in Sang M3 Insect 
Medium (Sigma, St. Louis, Missouri, USA) supplemented with 
bacto-peptone, yeast-extract, 10% heat-inactivated FBS, and 2E-
7 M methotrexate (Sigma). Expression of Notch under control of 
metallothionein (MT) promoter in S2-Mt-N cells was induced by 
the addition of 0.7 mM copper sulfate overnight or 4 mM for 2 hours. 
Same volume of S2R+ cells and S2-Mt-N cells put together on the 
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PLL-coated coverslip in cell culture plates and were co-cultured 
with rotation at 40-50 rpm for 2 hours at room temperature. 
 
Antibody feeding assay 
 
The induced S2-Mt-N cells were incubated with mouse anti- Necd 
antibody (Developmental Studies Hybridoma Bank) at 1:10 diluted 
in PBS for 30 minutes on ice for extracellular labeling. Adding the 
same volume of Serrate-expressing S2R+ cells, the cells were co-
cultured at room temperature. After 2 hours, the co-cultured cells 
were incubated with mouse FITC-conjugated secondary antibodies 
(Jackson ImmunoResearch) at 1:200 diluted in PBS for 30 minutes. 
Then samples were fixed in 4% formaldehyde in PBS for 30 
minutes, permeablized with PBS containing 0.3% Triton X-100 for 
10 minutes and blocked with 0.1% BSA in PBS for 10 minutes. The 
cells were then immunostained with rabbit anti-Myc antibody (Cell 
Signaling Technology, Danvers, Massachusetts, USA) at 1:1000 for 
1 hour, following stained with both mouse Cy3-conjugated and 
rabbit Cy5-conjugated secondary antibodies (Jackson 
ImmunoResearch) at 1:200 for 1 hour at room temperature. Stained 
cells were mounted using the SlowFade reagent (Invitrogen) and 
imaged with a Carl Zeiss LSM800 confocal laser scanning 




Larvae in late third instar stage were washed in PBS, dried on filter 
paper and impaled with a 0.1-mm steel needle (Fine Science Tools, 
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Foster City, California, USA) at the dorsal midline between the hair 
stripes of abdominal segment A3 or A4 (Galko et al., 2004). After 
wounding, larvae were returned to fly media and cultured at 25°C 
incubator. Melanized larvae were assessed with 10 minutes interval 
during one hour under a dissection microscope. Images from live 
wounded animals were obtained with an Olympus BX51 microscope 
with DP72 camera. 
 
Statistical analysis  
 
All quantitative data are express as the mean values ± s.e.m of at 
least three experiments. The values were analyzed for normality 
with the D’Agostino-Pearson omnibus test and used for 
significance testing. To determine statistical significance, I 
performed the Student’s t-test followed by post hoc pairwise 




Figure 4. Molecular characterization of abi-null mutant and the 
region of antigen. 
(a) The genomic organization of the abi locus at 88A9 on 
chromosome III and mapping of one abi-null mutant. The exon-
intron structures of abi are shown. White and black boxes represent 
untranslated and coding regions, respectively. The insertion site of 
the P-element line G6718 indicated as the inverted triangle in the 
coding region of abi. The extent of the deletion in abi5 which was 
generated by imprecise excision of G6718 are indicated. The abi5 
allele has a 1075 bp deletion in the second and the third exons of 
abi. The gray bar shows the promoter region used for the 
generation of the abi-GAL4 (-2801 ~ -17 bp upstream of the 
initiator ATG). 
(b) RT-PCR analysis of total extracts prepared from the third 
instar wild-type (WT), abi5 (abi5/abi5) and abi5/Df(3R)su(Hw)7 
(abi5/Df) mutant larvae. mRNA expression of abi detects one band 
at 1422 bp in wild-type animals (WT). This band is not detected in 
abi5 and abi5/Df mutants. The adjacent gene, twf (twinfilin), is 
normally expressed in the same samples. rp49 as a control.  
(a) and (b) are modified from Kim et al., 2019. 
(c) The gray bar under the schematic domain represents the region 
against antibody. The C-terminal fragment containing amino acids 











1. Loss of Abi leads to hematopoietic defects. 
 
To investigate the role of Abi in hematopoiesis, I analyzed 
hemocytes population of wild-type and abi mutant larvae in late 
third instar when the last stage of larval hemocyte production at the 
individual level and as a whole (Lanot et al., 2001). For estimating 
the total hemocyte population, I quantified the total hemocytes 
number per larva. The number of total hemocytes per animal was 
not significantly changed in abi5/Df larvae compared to wild-type 
(Figure 5a). Observing the total hemocytes with fluorescence 
visualization using the hemocyte reporter HmlΔ-DsRed (Makhijani 
et al., 2011), there were no severe alterations of the expression 
level and distribution of total hemocytes between wild-type and 
abi5/Df larvae (Figure 5b). Because approximately 95% of the 
hemocytes are plasmatocytes, these results suggest that Abi does 
not affect the proliferation of plasmatocytes. To analyze the crystal 
cell development, I counted the melanized cells in the posterior 
hematopoietic tissue where the representative region generally 
examined for the crystal cell population (Kurucz et al., 2007). This 
region includes the organ referred to as sessile clusters localized 
between the epidermis and muscle layers. In late third instar stage, 
abi5/Df larvae demonstrated a reduced number of sessile crystal 
cells compared to wild-type (Figure 6a and 6b).  
Larval sessile hemocytes have dynamics in the terminal cluster 
attributable to the detachment from the cluster, circulation in   
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Figure 5. abi mutants show a normal range of total hemocyte number 
and the distribution of plasmatocytes. 
(a) The graph represents that number of total hemocytes per larva 
were not significantly different between wild-type (WT) and abi 
mutant (abi5/Df) larvae in late third instar stage. 16 larvae were 
analyzed per each genotype. 
(b) Live mount images in late third instar larvae of WT 
(Hml∆dsRed/+, upper) and abi5/Df (Hml∆dsRed/+; abi5/Df, lower), 
using the hemocyte reporter HmlΔ-dsRed (HmlΔ>dsRed, red). Note 
that abi5/Df larvae did not show severe alterations in expression and 







Figure 6. abi mutants exhibit a reduced number of larval crystal cells. 
(a) Images from posterior parts of late third instar larvae of wild-
type (WT, left) and abi mutant (abi5/Df ) larvae. Scale bar, 100 µm. 
(b) The sessile crystal cell numbers of abi5/Df are decreased 
compared to WT in late third instar larvae.  
(c) Confocal images in circulating hemocytes of WT (left) and 
abi5/Df (right) larvae in late third instar stage. The circulating 
crystal cells are marked by anti-Lz antibody (Lz, red). The nucleus 
of hemocytes is marked by DAPI (DAPI, blue). Scale bar, 50 µm. 
(d) The population of circulating Lz-positive hemocytes of abi5/Df 
larvae were decreased compared to WT in late third instar stage. 








hemolymph, and subsequent re-attachment to sessile sites 
(Makhijani et al.,2011). To test the possibility that the reduction of 
crystal cells in the sessile cluster part may induce the elevation of 
those in the circulating part correspondingly in abi mutants, I 
analyzed the crystal cell population in circulating hemocytes 
(Bretscher et al., 2015). Antibody staining using the crystal cell 
marker Lz (Evans et al., 2014) displayed that around 5% Lz-
positive hemocytes consist of circulating hemocytes in wild-type 
larvae as known. However, the population of Lz-positive 
hemocytes in abi5/Df larvae is also reduced as shown in sessile 
parts (Figure 6c and 6d). Therefore, abi mutants have reduced 
crystal cell population, both in sessile and circulating hemocytes. 
Taken together, loss of Abi leads to a reduction of the crystal cell 
number with no change of total hemocyte population in late third 




2. Abi regulates transdifferentiation of plasmatocytes into 
crystal cells. 
 
2.1. abi mutants show normal hemocyte differentiation in 
embryogenesis. 
 
The crystal cell lineage first originated from Lz-positive hemocytes 
during embryogenesis. In the embryonic phase of Drosophila 
hematopoiesis, approximately 800 blood cells differentiate from the 
head mesoderm. Most of these cells become plasmatocytes that 
migrate throughout the embryo. Hemocytes are first characterized 
at embryonic stage 5 by the expression of Serpent (Srp) (Lebestky  
et al., 2000). A complex regulatory circuit involving Srp and Lz 
functions to both specify crystal cells and also to limit their 
numbers. Physical interaction between Srp and Lz synergizes to 
activate and control lz transcription and determines the crystal cell 
fate. Thus Lz expression can only induce crystal cells in Srp-
positive cells and loss of Srp provokes the reduction of Lz 
expression. Approximately 36 hemocytes are designated as crystal 
cells and remain in the head mesoderm region of the embryo until 
larval stages (Milchanowski et al., 2004). At embryonic stage 13, 
hemocytes undergo a segmented and migrated away from the 
ventral midline to lateral side (Sánchez-Sánchez et al., 2017). At 
stage 17, hemocytes are dispersed evenly distributed throughout 
the embryo (Tepass et al., 1994). To identify the reason of reduced 
population of larval crystal cells in abi mutants, I analyzed the 
embryonic crystal cell at stage 17 using larvae carrying Lz-GFP 
and discovered that abi mutants have the normal population of 
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embryonic crystal cell number (Figure 7a and 7b). Moreover, I 
could not observe the defects of hemocyte migration and 
distribution.  
After embryonic development, the hemocyte population 
expands throughout larval development in both circulation and 
sessile patches (Leitão and Sucena, 2015). To observe the 
development of larval crystal cell readily, I analyzed the crystal cell 
population starting with the second instar stage larvae. The sessile 
crystal cell numbers between wild-type and abi5/Df were not 
significantly different in the second instar larvae (Figure 8a). 
Additionally, the circulating crystal cell population between wild-
type and abi5/Df were not significantly altered in the second instar 
larvae (Figure 8b). However, there were pronounced reductions of 
crystal cells in the late third instar stage of abi5/Df larvae. 
Therefore, mutation of abi has no problem in Srp-positive 
hemocyte lineage but, has a problem in next lineage occurred at the 
larval stages.  
 
2.2. abi mutants show a defect in plasmatocyte 
transdifferentiation. 
 
The second crystal cell lineage occurs in early third instar 
larval stage (Leitão and Sucena, 2015). Although mature crystal 
cells do not appear to form new cells by mitosis, certain portions of 
Hml-positive plasmatocytes within the sessile clusters transformed 
into Lz-positive crystal cells. This transdifferentiation is validated 
by the existence of hemocytes having two different cell type  
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Figure 7. abi mutants have the normal crystal cell number in the 
embryonic stage. 
(a) Confocal images in embryonic stage 17 of WT (lz-GAL4, UAS-
mCD8-GFP, upper panel) and abi5/Df (lz-GAL4, UAS-mCD8-
GFP/+; abi5/Df, lower panel) embryos. Lz-expressing cells were 
marked by GFP fluorescence and the cells in white line boxes in the 
left side were magnified to the right side and counted. Scale bars, 
50 µm.  
(b) The graph shows Lz-GFP-positive cell number in each 
genotype embryo at stage 17. There were no differences between 
WT (lz-GAL4, UAS-mCD8-GFP) and abi5/Df (lz-GAL4, UAS-




















Figure 8. abi mutants have the normal crystal cell number in the 
second instar larval stage. 
(a) The graph shows sessile crystal cell number in the second 
instar larvae of wild-type (WT) and abi mutant (abi5/Df) larvae. 
The sessile crystal cell numbers between WT and abi5/Df were not 
significantly different. 10 larvae were analyzed per each genotype. 
(b) The graph shows circulating crystal cell population in the 
second instar larvae of WT and abi5/Df. The population of Lz-
positive circulating hemocytes in abi5/Df is not significantly 








markers and contributes to the crystal cell population of the late 
larval stage. To investigate whether abi mutants have problems in 
this period, I generated the recombinant larvae carrying Hml∆-
dsRed for marking plasmatocytes and Lz-GFP for marking crystal 
cells in a wild-type and abi5/Df background, respectively. 
Additionally, I set up confocal microscope specifications to obtain 
the live image of larvae for this assay. In early third instar stage, 
small portions of Lz-positive crystal cells show up in the cluster of 
Hml-positive plasmatocytes. At this stage, plasmatocyte cluster 
and Lz-positive crystal cell population of abi5/Df larvae seem to be 
the same with those of wild-type larvae (Figure 9a). In the process 
of development, Hml-positive plasmatocytes are expanded by their 
self-mitotic activity. Both wild-type and abi5/Df larvae have normal 
plasmatocytes clusters (Figure 9d). In late third instar stage, Lz-
positive crystal cells are also increased in their number 
accompanied by an increase of hemocytes containing both Hml-
positive and Lz-positive markers in wild-type larvae. However, 
Lz-positive crystal cells are relatively decreased in their number in 
abi5/Df larvae (Figure 9b and 9c late L3). Moreover, the 
quantification of the Hml- and Lz-positive hemocytes (Hml+Lz+) 
displayed that the population of double positive hemocytes is 
remarkably reduced in abi5/Df larvae compared to control. As a 
result, Abi regulates the process of plasmatocytes 





Figure 9. Loss of Abi impairs transdifferentiation of plasmatocytes to 
crystal cells.  
(a) Live mount confocal images of the sessile cluster hemocytes in 
early third instar larvae (early L3). Left column represents of WT 
larva (lz-GAL4, UAS-mCD8-GFP/+; +/Hml∆dsRed) and right 
column shows abi5/Df larva (lz-GAL4, UAS-mCD8-GFP/+; 
+/Hml∆dsRed; abi5/Df). Hml-positive cells (Hml∆ >dsRed, upper, 
red) are plasmatocytes and Lz-positive cells (Lz>GFP, middle, 
green) are crystal cells. The lower row for merged channels.  
(b) Live mount confocal images of the sessile cluster hemocytes in 
late third instar larvae (late L3). Left column shows of WT larva 
(lz-GAL4, UAS-mCD8-GFP/+; +/Hml∆dsRed) and right column 
represents abi5/Df larva (lz-GAL4, UAS-mCD8-GFP/+; 
+/Hml∆dsRed; abi5/Df). The upper row exhibits Hml-positive 
plasmatocytes (Hml∆ >dsRed, red), the middle row shows Lz-
positive crystal cells (Lz>GFP, green), and the lower row for 
merged channels. Note that less of Lz-positive cells in abi5/Df 
compared to WT. 
(a) and (b), Scale bars, 50 µm. 
(c) The graph shows that quantified absolute number of hemocytes 
undergoing transdifferentiation. Hml and Lz double-positive cells 
are counted within sessile clusters. Note that Hml and Lz double-
positive cells were reduced in late third instar (late L3), not in early 
third instar (early L3) of abi5/Df larva.  
(d) The graph exhibits that analyzed absolute number of Hml-









was no significant difference of Hml-positive plasmatocytes 
between WT and abi5/Df larva, both in early third instar (early L3) 
and late third instar (late L3) stage.  
(c) and (d), 10 larvae were analyzed per each genotype. *P<0.001. 
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3. Abi is required for the crystal cell differentiation in larval 
stages. 
 
To determine Abi function in regulating crystal cells, I attempted to 
rescue the phenotypes observed in abi5/Df larvae by expressing Abi 
protein through the GAL4-upstream activating sequence (UAS) 
system in the abi mutant background (Brand and Perrimon, 1993). 
There are three different kinds of GAL4 drivers that I used for 
rescue experiments. All hemocytes express the GATA factor 
Serpent (Srp) (Rehorn et al. 1996), making srp-GAL4 a universal 
hemocyte-specific driver (Brückner et al., 2004). Since srp-GAL4 
drives from embryonic circulating cells, stage and cell type specific 
GAL4 were necessary to determine the roles of Abi in plasmatocyte 
transdifferentiation. Therefore, I selected the eater-GAL4 
(Tokusumi et al., 2009) given it is expressed by plasmatocytes and 
activated during the second instar stage (Kroeger et al., 2013). The 
last one is abi-GAL4 made up with abi promoter to determine 
whether Abi functions on hemocytes.  
When Abi was expressed with a hemocyte driver srp-GAL4 in 
abi5/Df background, I observed full rescue activity for the sessile 
crystal cell number and the circulating crystal cell population 
(Figure 10). This result signifies that prohemocyte-specific 
expression of Abi influences the crystal cell differentiation. In 
addition, when Abi was expressed with a plasmatocyte driver 
eater-GAL4 in abi5/Df background, I found the sessile crystal cell 
number and circulating crystal cell population were restored to 
wild-type levels. This result exhibits that plasmatocyte-specific  
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Figure 10. Abi is required for positive regulation of the crystal cell 
differentiation.  
(a) Images from posterior parts of late third instar larva of wild-
type (WT, left), abi5/Df (middle) and srp-GAL4/+; abi5/UAS-HA-
Abi,Df (srp>Abi rescue, right). Scale bar, 100 µm. 
(b) The graph shows sessile crystal cell number in late third instar 
larvae of indicated genotypes. Expression of Abi in all hemocytes 
by using srp-GAL4 (srp>Abi rescue) was rescued abi5/Df larva 
phenotype compared to control (srp>control, srp-GAL4/+). When 
Abi was expressed with eater-GAL4 in abi5/Df background 
(eater>Abi rescue, eater-GAL4,abi5/UAS-HA-Abi,Df), the sessile 
crystal cell number were restored to control levels (eater>control, 
eater-GAL4/+). Abi was expressed with an abi-GAL4 in abi5/Df 
background (abi>Abi rescue, abi-GAL4/+; abi5/UAS-HA-Abi,Df), 
sessile crystal cells were increased very close to GAL4 control 
value (abi>control, abi-GAL4/+).  
(c) The graph shows circulating crystal cell population in late third 
instar larvae of indicated genotypes. Expression of Abi in all 
hemocytes (srp>Abi rescue) was rescued abi5/Df larva phenotype 
compared to control (srp>control). Abi was expressed with eater-
GAL4 in abi5/Df background (eater>Abi rescue), restoring the 
crystal cell population to control levels (eater>control). Abi was 
expressed with an abi-GAL4 in abi5/Df background (abi>Abi 
rescue), increasing the crystal cell population very close to GAL4 
control value (abi>control). 






expression of Abi in the second instar stage has an effect on the 
regulation of the crystal cell population in the third instar stage. 
Furthermore, when Abi was expressed with an abi-GAL4 in abi5/Df 
background, I discovered that crystal cells were increased very 
close to wild-type value in rescued larvae, meaning that Abi acts in 
hemocyte to regulate the crystal cell population. Collectively, Abi is 




4. Determination of the Abi expression in hemocytes.  
 
Loss-of-function mutation in abi induced the defects in the crystal 
cell development, and the phenotypes were rescued by expressing 
Abi under the control of abi-GAL4 driver. These results required 
additional studies to confidently note hematopoietic defects are a 
cell-autonomous function of Abi. These experiments were 
performed by determining Abi expression on hemocytes. To detect 
the expression patterns of Abi, I performed immunostaining with 
anti-Abi antibody using the larvae carrying both Hml∆-dsRed and 
Lz-GFP. As a result, Abi is expressed in Hml-positive 
plasmatocytes and also expressed in Lz-positive crystal cells in 
circulating hemocytes (Figure 11a). In the abi5/Df background, Abi 
signal could not be detected on both cell types. Next, UAS-GFP 
reporter line was driven by abi-GAL4 to evaluate the abi-GAL4 
expression. Plasmatocytes are marked by anti-Nimrod C1 (NimC1), 
and antibody against Lz is used for marking crystal cells. GFP 
expression was observed in NimC1-positive plasmatocyte and Lz-
positive crystal cells in circulating hemocytes. These expression 
data demonstrate that the Abi acts cell-autonomously to regulate 
the differentiation of hemocytes. 
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Figure 11. Abi is expressed in both plasmatocytes and crystal cells. 
(a) Confocal images of circulating hemocytes in late third instar 
larval stage of wild-type carrying lz-GAL4, UAS-mCD8-GFP/+; 
+/Hml∆dsRed (WT, upper) and abi5/Df carrying lz-GAL4, UAS-
mCD8-GFP/+; +/Hml∆dsRed; abi5/Df (abi5/Df, lower). The first 
column displays Abi-expressing cells with anti-Abi antibody (Abi, 
blue), the second column for Hml-positive plasmatocytes 
(Hml∆>dsRed, red), the third column represents Lz-positive crystal 
cells (Lz>GFP, green) and the fourth column for merged channels. 
White dashed lines indicate cell boundary. Note that Abi was 
expressed in both types of hemocytes. The immunoreactivity of Abi 
antibody was not detected in abi5/Df larvae.  
(b) Confocal images of circulating hemocytes in late third instar 
larva carrying abi-GAL4/+; +/UAS-mCD8-GFP. The first column 
shows NimC1 (upper, red) or Lz (lower, red), the second column 
exhibits GFP expression driven by abi-GAL4 (abi>GFP, green), the 
third column for merged channels. Note that abi-GAL4 was 
expressed in NimC1-positive plasmatocyte (upper) and Lz-
positive crystal cells (lower).  










5. Abi positively regulates Notch signaling. 
 
The hematopoietic phenotypes shown in abi mutants resulted from 
the impairment of plasmatocyte transdifferentiation, which occurs in 
larval hematopoietic pockets. Notch signaling has been well studied 
in the crystal cell development and recently identified as a key 
signaling in plasmatocyte transdifferentiation. Notch has two ligands, 
Serrate and Delta, but only the Serrate is working in the crystal cell 
development (Leitão and Sucena, 2015). Notch signaling in this 
process started in early third instar stage and consequentially 
affects the crystal cell population of late third instar stage. To 
figure out whether the transdifferentiation defect shown in abi 
mutants was due to alteration of Notch signaling, I used the Notch 
enhancer GFP reporter fly line which enables the detection of active 
Notch signaling in vivo (Furriols and Bray, 2001).  
To investigate whether abi mutants have an issue in Notch 
signaling, I generated the recombinant larvae carrying both Hml∆-
dsRed for marking plasmatocytes and Notch responsible element 
(NRE)-EGFP for marking Notch activated cells in a wild-type and 
abi5/Df background, respectively. Live confocal images of the mid 
third instar larvae carrying Hml∆-dsRed and NRE-EGFP showed 
that most of the NRE-positive hemocytes are Hml-positive 
plasmatocytes (Figure 12a). In abi mutants, however, there were a 
very few NRE-positive hemocytes, resulting in the decrement of 
double positive (Hml-positive and NRE-positive) hemocytes in 
hematopoietic pockets (Figure 12b). In addition, the intensity of 
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Figure 12. Loss of Abi leads to the reduction of Notch signaling in 
sessile hemocytes. 
(a) Live mount confocal images of the sessile cluster hemocytes in 
WT larva carrying genes with Hml∆dsRed/NRE-EGFP (WT, upper) 
and abi5/Df larva carrying genes with Hml∆dsRed/NRE-EGFP; 
abi5/Df (abi5/Df, lower). Note that a very few hemocytes of NRE-
positive and weak intensity of their fluorescence in abi5/Df larva, 
resulting in the decrement of double positive (Hml-positive and 
NRE-positive) hemocytes in hematopoietic pockets of abi5/Df larva. 
Scale bar, 10 µm. 
(b) The graph shows the quantified number of NRE-positive 
hemocytes counted within sessile clusters. Note that NRE-positive 
cells were reduced in abi5/Df larva compared to WT. 16 larvae were 








NRE-EGFP fluorescence was weak in abi mutants. In conclusion, 
loss of Abi leads to downregulation of Notch signaling. These data 
suggest that Abi regulates larval plasmatocyte transdifferentiation 




6. Genetic interaction between abi and notch for regulating 
crystal cell population. 
 
6.1. notch loss-of-function mutations show hematopoietic 
defects. 
 
There is evidence that sessile crystal cells are reduced in notch 
temperature-sensitive mutant larva (Duvic et al., 2002). This 
phenotype was the same as that of abi mutants. To mimic the 
mutant situation, I used two lines of Notch RNAi for knockdown of 
Notch expression. To analyze the stage-specific phenotype of 
notch knockdown, srp-GAL4 and eater-GAL4 were used for these 
experiments.   
Hemocyte-specific knockdown of Notch with srp-GAL4 
induced the decrement of sessile crystal cells as previously 
reported and the population of Lz-positive circulating hemocytes 
are also reduced during knockdown of Notch (Figure 13). Moreover, 
plasmatocyte-specific knockdown of Notch with eater-Gal4 also 
showed a severe decrease of sessile crystal cells (Figure 14a and 
14b) and Lz-positive circulating hemocytes (Figure 14c), 
accompanied with no change of total hemocytes number (Figure 
14d) alike when knockdown of Notch with srp-GAL4. Thus, I 
confirmed that notch loss-of-function mutations show similar 
phenotypes of abi mutants. These results suggested that Abi and 






Figure 13. Depletion of Notch in embryonic stage exhibits a reduction 
of crystal cells.  
(a) Images from posterior parts of late third instar larvae of srp-
GAL4/+ (Control, left), srp-GAL4/+; +/UAS-NotchRNAi-1 
(srp>NRNAi-1, middle) and srp-GAL4/UAS-NotchRNAi-2 
(srp>NRNAi-2, right). Scale bar, 100 µm. 
(b) The graph represents sessile crystal cell number in late third 
instar larvae of indicated genotypes. Note that prohemocyte-
specific knockdown of Notch (srp>NRNAi-1, srp>NRNAi-2) showed a 
reduction of sessile crystal cells compared to srp-GAL4 control 
(srp>control). 
(c) The graph represents circulating crystal cell population in late 
third instar larvae of indicated genotypes. Note that prohemocyte-
specific knockdown of Notch (srp>NRNAi-1, srp>NRNAi-2) exhibited 
a reduction of Lz-positive cells compared to srp-GAL4 control 
(srp>control). 
(d) Number of total hemocytes per larva was not significantly 
different between srp>control, srp>NRNAi-1 and srp>NRNAi-2. 










Figure 14. Plasmatocyte-specific depletion of Notch exhibits a 
reduction of crystal cells.  
(a) Images from posterior parts of late third instar larvae of eater-
GAL4/+ (Control, left), eater-GAL4/UAS-NotchRNAi-1 
(eater>NRNAi-1, middle) and UAS-NotchRNAi-2/+; +/eater-GAL4 
(eater>NRNAi-2, right). Scale bar, 100 µm. 
(b) The graph represents sessile crystal cell number in late third 
instar larvae of indicated genotypes. Note that plasmatocyte-
specific knockdown of Notch (eater>NRNAi-1, eater>NRNAi-2) 
showed a reduction of sessile crystal cells compared to eater-
GAL4 control (eater>control). 
(c) The graph displays circulating crystal cell population in late 
third instar larvae of indicated genotypes. Note that plasmatocyte-
specific knockdown of Notch (eater>NRNAi-1, eater>NRNAi-2) 
exhibited a reduction of Lz-positive cells compared to eater-GAL4 
control (eater>control). 
(d) Number of total hemocytes per larva was not significantly 
different between eater>control, eater>NRNAi-1 and eater>NRNAi-2. 













6.2. abi genetically interacts with notch to regulate crystal cell 
population. 
 
To discover the correlation between Notch and Abi, I investigated 
the genetic interaction between two genes. Studies on genetic 
interaction in Drosophila have traditionally been known for 
generating transheterozygous mutants (Price et al., 1997). The one 
copy deletion of abi mutant (abi5/+) and one copy deletion of notch 
mutant (notch1/+) caused no change in sessile crystal cell number. 
However, the double mutant having one abi mutant and one notch 
mutant led to reduction of sessile crystal cell number same as abi or 
notch mutants (Figure 15a and 15b). This means that abi and notch 
work together in the same pathway.  
It has been known that the high level expression of Notch by 
hemocyte-specific GAL4 induces the overgrowth of the crystal cell 
(Leitão and Sucena, 2015). In my experiments, overexpression of 
Notch with srp-GAL4 enhanced the increment of crystal cells in 
direct opposition to knockdown expression of Notch. However, 
deleting abi gene dose completely suppressed the Notch-driven 
overproduction of crystal cells (Figure 15c and 15d). I also 
performed the experiment with eater-GAL4 to selectively express 
genes depending on the timing of development and the type of cells. 
Overexpression of Notch with eater-GAL4 promoted the increase 
of crystal cell production as well. Importantly, the overpopulation of 
crystal cells in Notch gain-of-function mutation was suppressed by 
deleting the abi gene (Figure 15e and 15f).  
 Notch receptor on the plasma membrane undergoes endocytic 
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Figure 15. abi genetically interacts with notch to regulate crystal cell 
population. 
(a) The graph represents sessile crystal cell number in late third 
instar larvae of indicated genotypes. The abi5/+ and Notch1/+ 
larvae showed a normal range of sessile crystal cell number. Note 
that Notch1/+; abi5/+ exhibited the reduced sessile crystal cells. 
(b) The graph shows circulating crystal cell population in late third 
instar larvae of indicated genotypes. The abi5/+ and Notch1/+ did 
not significantly change in the crystal cell population. Note that 
Notch1/+; abi5/+ rarely exhibited Lz-positive cells. 
(c) The graph represents sessile crystal cell number in late third 
instar larvae of indicated genotypes. Prohemocyte-driven Notch 
overexpression (srp-GAL4/+;+/UAS-N) exhibited an increase in 
sessile crystal cell number compared to control (srp-GAL4/+). 
Note that Notch induced crystal cell overproduction was suppressed 
by decreasing abi gene dose (srp-GAL4/+; abi5/UAS-N,Df).  
(d) The graph displays that prohemocyte-driven Notch 
overexpression (srp-GAL4/+;+/UAS-N) exhibited an increase in 
circulating crystal cell compared to control (srp-GAL4/+). 
However, this phenotype was suppressed by removing of abi gene 
(srp-GAL4/+; abi5/UAS-N,Df). 
(e) The graph shows sessile crystal cell number in late third instar 
larvae of indicated genotypes. Plasmatocyte-driven Notch 
overexpression (eater-GAL4/UAS-N) exhibited an increase in 
sessile crystal cell number compared to control (eater-GAL4/+). 





overexpression was suppressed by reduction of abi gene (eater-
GAL4,abi5/UAS-N,Df).  
(f) The graph represents that plasmatocyte expression of Notch 
resulted in overproduction of crystal cells (eater-GAL4/UAS-N) 
compared to control (eater-GAL4/+). However, knockout of abi 
gene suppressed the overpopulation of crystal cells driven by Notch 
overexpression (eater-GAL4,abi5/UAS-N,Df). 
(g) The graph shows sessile crystal cell number in late third instar 
larvae of indicated genotypes. Expression of Notch intracellular 
domain (Nicd) in plasmatocytes increased crystal cell number both 
wild-type (UAS-Nicd/+; +/eater-GAL4) and abi5/Df genetic 
background (UAS-Nicd/+; eater-GAL4,abi5/Df ). 










pathway for translocation of its intracellular domain (Nicd) to the 
nucleus, the final process of the signaling. This feature of Notch 
signaling enables that expression of the fragment Nicd makes Notch 
gain-of-function without endocytic regulation. Specific expression 
of Nicd in plasmatocytes induce the dramatic increase of sessile 
crystal cell number (Figure 15g). Surprisingly, plasmatocyte 
expression of Nicd rescued the decrement of crystal cells in abi 
mutants (Figure 15g). These data indicate that Abi interacts with 
Notch by endocytosis to regulate crystal cell differentiation. 
 
6.3. Abi functions in Serrate-dependent Notch signaling to 
differentiate crystal cells. 
 
Serrate is known to be the only ligand for Notch in plasmatocyte 
transdifferentiation because mutants of Serrate, not Delta and 
Deltex, reduced numbers of crystal cells (Duvic et al., 2002). 
Moreover, plasmatocyte specific expression of Serrate RNAi 
reduced the crystal cell number similar to knockdown of Notch 
(Leitão and Sucena, 2015). To confirm the ligand specificity, I 
further investigated the genetic interaction between abi and serrate. 
One copy deletion of serrate mutant (Ser1/+) caused no change in 
sessile crystal cell number, but double mutant having one abi mutant 
and one serrate mutant (abi5,+/+,Ser1 ) led to reduction of sessile 
crystal cell number (Figure 16). This suggests the relationship 




Figure 16. abi and serrate work together in crystal cell differentiation. 
The graph displays sessile crystal cell number in late third instar 
larvae of indicated genotypes. Note that double mutant having one 
abi mutant and one serrate mutant (abi5,+/+,Ser1 ) led to a 
reduction of sessile crystal cell number. 16 larvae were analyzed 













7. Abi and WASp interaction for maintaining sessile crystal 
cell population. 
 
7.1. Interaction with WASp via SH3 domain is required for 
Abi function. 
 
Abi has several domains that can be possible to interact with other 
proteins (Figure 2). It directly binds to SCAR via its N-terminal 
WAB domain (Kunda et al., 2003; Echarri et al., 2004), also 
interacts with WASp through its C-terminal SH3 domain (Bogdan et 
al., 2005; Innocenti et al., 2005). Partnering with SCAR or WASp, 
Abi is known to play a role in actin regulation (Stradal et al., 2001).  
To reveal which actin regulator is required for the Abi function 
in the regulation of crystal cell population, I performed rescue 
experiments with the mutant form of each domain. Deletion of 30 to 
65 amino acid residues in the WAB domain (Abi ∆30-65) is a mutant 
form of Abi that has impaired binding with SCAR/WAVE complex 
(Figure 17). Substitution of a single residue of tryptophan 452 to 
lysine in the SH3 domain (AbiW452K) cannot bind to the WASp 
protein. The expression of domain mutants of Abi was controlled by 
eater-GAL4 for their stage- and cell type-specific expression. 
There was a correlation between the populations of sessile crystal 
cells and circulating crystal cells, I analyzed sessile crystal cell and 
found the phenotypic similarity to abi mutants. Expressing Abi with 
the deletion of 30-65 amino acid under the control of eater-GAL4 
driver (Abi ∆30-65 rescue) fully rescued the defect in sessile crystal 
cell population (Figure 18a and 18b). Thus, WAB domain is not 
involved in the crystal cell development. Expressing Abi with the 
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tryptophan substitution under the control of eater-GAL4 driver 
(AbiW452K rescue) partially rescued the defect in the crystal cell 
population (Figure 18a and 18b). This means that Abi needs its SH3 
domain to participate in crystal cell development. Therefore, Abi 
and WASP interaction is required for the regulation of sessile 
crystal cells. 
 
7.2. Abi and WASp are genetically interacted for sustaining 
sessile crystal cell population. 
 
To discover whether Abi and WASp interactions affected the 
crystal cell development, I investigated the genetic interaction 
between the abi and WASp genes. In addition, it was confirmed that 
the Abi-SCAR interaction has effects on the crystal cell phenotype. 
Loss of one copy of abi5, WASp1 and scar∆37 has a normal range of 
sessile crystal cell number (Figure 19a and 19b). However, 
transheterozygous larvae carrying one abi mutant and one WASp 
mutant exhibited the reduced sessile crystal cell (Figure 14a and 
14b). Additionally, transheterozygous combinations of one abi 
mutant and one scar mutant showed the increase of sessile crystal 
cell (Figure 19a and 19b). In conclusion, Abi interacts with WASp 
to maintain sessile crystal cell number. 
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Figure 17. Schematic representation of domain mutations in Abi. 
The diagrammatic structures of the deletion and point-mutation 
form of Abi protein used in this study. Deletion of 30-65 amino acid 
in WAB domain has a binding defect to SCAR protein (Abi ∆30-65). 
Substitution of a single residue of tryptophan 452 to lysine in the 
SH3 domain cannot interact with the WASp protein (AbiW452K). The 
single asterisks denote substitution mutations. Amino acid residues 














Figure 18. C-terminal SH3 domain of Abi contributes to the crystal 
cell differentiation. 
(a) Images from posterior parts of late third instar larvae of 
indicated genotypes. Scale bar, 100 µm. 
(b) The graph represents sessile crystal cell number in late third 
instar larvae of indicated genotypes. Note that expressing Abi with 
the mutation in SH3 domain under the control of eater-GAL4 driver 
(eater>AbiW452K rescue) partially rescued the defect in the crystal 







Figure 19. Abi and WASp are genetically interacted for sustaining 
sessile crystal cell population. 
(a) Images from posterior parts of late third instar larvae of 
indicated genotypes. Scale bar, 100 µm. 
(b) The graph represents sessile crystal cell number in late third 
instar larvae of indicated genotypes. Note that abi5/+, WASp1/+ and 
SCAR∆37/+ has a normal range of sessile crystal cell number. 
However, abi5,+/+,WASp1 exhibited a reduced sessile crystal cell. 
SCAR∆37/+; abi5/+ showed the increase of sessile crystal cell. 16 








8. Clathrin-dependent endocytosis is required for Abi-
mediated Notch signaling.  
 
Endocytosis is primarily divided into clathrin-dependent 
endocytosis and clathrin-independent endocytosis that require the 
dynamics of filamentous actin structures at the plasma membrane. 
Abi has been well studied in the field of actin regulation but rarely 
studied for their roles in endocytosis. Recently, studies discovered 
that Abi plays a role in micropinocytosis through SCAR complex to 
regulate synaptic growth. Depending on my data, however, Abi is 
engaged in hematopoiesis through WASp, not SCAR. Mammalian N-
WASP acts as an Arp2/3 activator and triggers actin polymerization 
during clathrin-dependent endocytosis (Merrifield et al., 2004). It 
is not yet investigated whether Abi and WASp are directly involved 
in clathrin-dependent endocytosis. To investigate which endocytic 
pathway is regulated by Abi in hematopoiesis, I examined the 
effects on sessile crystal cell differentiation with systematically 
knockdown of known genes that components of different 
endocytosis in plasmatocytes. I obtained the mutant or RNAi lines 
of the components of each pathway and assayed the phenotypic 
similarity.  
 
8.1. Depletion of WASp-mediated CDE leads to a reduction of 
crystal cell population. 
 
The WASp protein is an effector of Cdc42 GTPase, which is critical 
for active assembly in constitutively active state. In my studies, I 
performed experiments to evaluate whether Cdc42 plays a role in 
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hematopoiesis. Compared with eater-GAL4 control, plasmatocyte-
specific overexpression of Cdc42 dominant negative form (Cdc42-
T17N) decreases sessile crystal cell number (Figure 20a and 20b). 
Compared with wild-type, Cdc422 mutant displayed reduced sessile 
crystal cell number (Figure 20c and 20d). These results supported 
the idea that Cdc42 is involved in crystal cell differentiation. To 
evaluate the role of the WASp gene in hematopoiesis, WASp 
mutants were also analyzed to the crystal cell population. Compared 
to wild-type, reduced sessile crystal cell number showed in 
WASp1/Df larvae (Figure 21a and 21b). To confirm this phenotype, 
I tested the WASp RNAi line to analyze crystal cell population 
during transdifferentiation. Expression of UAS-WASp-RNAi under 
the control of eater-GAL4 induced the reduction of both sessile 
crystal cells (Figure 21c and 21d) and circulating Lz-positive cells 
(Figure 21e) with no change of total hemocyte population (Figure 
21f). Thus, WASp has a function in hematopoiesis to regulate 
crystal cell population.  
To verify the hypothesis that Abi-WASp interaction stimulating 
actin assembly finally regulates clathrin-dependent endocytosis, 
the RNAi line of clathrin heavy chain (Chc) is analyzed in 
hemocytes, since Chc mutant homozygote has lethality during the 
embryonic stage. Plasmatocyte-specific knockdown of Chc caused 
a dramatic reduction of sessile crystal cells (Figure 22a and 22b). 
The AP-2 complex plays a major role in clathrin-coated vesicle 
formation and consists of AP-2α, AP-1-2β, AP-2µ and AP-2σ 
subunits in fruit fly (Choudhury et al., 2016). Plasmatocyte- 
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Figure 20. Alteration of Cdc42 expression leads to crystal cell 
differentiation defect. 
(a) Images from posterior parts of late third instar larvae of eater-
GAL4/+ (Control, left) and eater-GAL4/UAS-Cdc42-T17N 
(Cdc42T17N, right).  
(b) The graph represents that plasmatocyte-specific 
overexpression of Cdc42 dominant negative form (eater>Cdc42 
T17N) decreased sessile crystal cell number, compared to control 
(eater>control).  
(c) Images from posterior parts of late third instar larva of wild-
type (WT, left) and Cdc422 (right).  
(d) The graph represents that mutation of Cdc42 led to a reduction 
in the number of crystal cells. 
(a) and (c), Scale bars, 100 µm. 






Figure 21. Depletion of WASp leads to a reduction in the number of 
crystal cells. 
(a) Images from posterior parts of late third instar larva of wild-
type (WT, left) and WASp1/Df (right). 
(b) The graph represents that depletion of WASp led to a reduction 
in the number of crystal cells.  
(c) Images from posterior parts of late third instar larvae of eater-
GAL4/+ (Control, left) and eater-GAL4/UAS-WASp-RNAi 
(WASpRNAi, right).  
(d) The graph shows that expression of UAS-WASp-RNAi under 
control of eater-GAL4 induced the reduction of sessile crystal cells. 
(e) The graph exhibits that Lz-positive hemocyte population 
decreased in knockdown of WASp compared to control. 
(f) The graph displays that the number of total hemocytes per larva 
between control and knockdown of WASp was not significantly 
different. 
(a) and (c), Scale bars, 100 µm. 







Figure 22. Impairment of Chc and AP-2α expression reduces sessile 
crystal cell differentiation. 
(a) Images from posterior parts of late third instar larvae of eater-
GAL4/+ (Control, left), eater-GAL4/UAS-Chc-RNAi (ChcRNAi, 
middle), and eater-GAL4/UAS-AP-2α-RNAi (AP-2αRNAi, right). 
Scale bar, 100 µm. 
(b) The graph represents that plasmatocyte-specific knockdown of 
Chc and AP-2α induced the defect in the differentiation of sessile 
crystal cells.  
(c) The graph displays that the population of Lz-positive cells 
decreased in knockdown of Chc and AP-2α compared to control. 
(d) The graph exhibits that total hemocytes number per larva was 
not significantly different between control and knockdown of Chc 
and AP-2α. 






specific knockdown of each subunit, especially AP-2α gene showed 
a reduction of sessile crystal cells, compared with the control 
(Figure 22a and 22b). Knockdown of AP-1-2β, AP-2µ, and AP-
2σ was not significantly induced the change of sessile crystal cell 
population. In previous reports, mutation of AP-2α showed the 
similar phenotype of mutation of Chc (Windler and Bilder, 2010), 
suggesting the AP-2α plays a major role in the interaction with 
clathrin heavy chain. In summary, decrement of crystal cells caused 
by abi mutation is phenocopied by plasmatocyte-specific 
knockdown of WASp, Chc and AP-2α, or overexpression of 
dominant negative Cdc42, suggesting clathrin-mediated 
endocytosis acts in Abi-Cdc42-WASp pathway for regulating the 
crystal cell differentiation. 
 
8.2. Macropinocytosis regulated by SCAR is not involved in 
crystal cell transdifferentiation. 
 
Macropinocytosis is one type of clathrin-independent endocytosis 
which involves C-terminal Binding Protein1 (CtBP1) for the 
formation of macropinosome and Rabankyrin-5 for macropinosome 
maturation (Schnatwinkel et al., 2004; Haga et al., 2009; Saeed et 
al., 2010). Recent study in our lab has shown that Abi regulates 
BMP-dependent synaptic growth by macropinocytosis with Rac1-
SCAR pathway (Kim et al., 2019). I next tested the influence of 
macropinocytosis on the crystal cell development in late stage. The 
Rho GTPase Rac is a key signaling mechanism for activating Arp2/3 
complex-mediated actin polymerization. Compared with eater-
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GAL4 control, plasmatocyte-specific overexpression of Rac1 
dominant-negative form (Rac1-T17N) has no effect on sessile 
crystal cell population (Figure 23a and 23b). SCAR/WAVE complex 
is a downstream target of Rac1 serving the Arp2/3-dependent actin 
polymerization. Knockdown expression of SCAR in plasmatocytes 
did not make a significant difference compared to the control 
(Figure 23a and 23b). Drosophila has homologous proteins with 
CtBP1 and Rabankyrin-5, C-terminal Binding Protein (CtBP, 
CG7583) and Rabankyrin (CG41099; Fabrowski et al., 2013), 
respectively. Compared with eater-GAL4 control, knockdown 
expression of either CtBP or Rabankyrin showed no significant 
change, statistically (Figure 23b). Taken together, plasmatocyte 
specific knockdown of SCAR, CtBP, and Rabankyrin or 
overexpression of dominant negative Rac1 has no effect on the 
crystal cell population. These results suggest that macropinocytosis 
with the Abi-Rac1-SCAR pathway might not be involved in the 






Figure 23. Impairment of Rac1-SCAR mediated macropinocytosis 
does not work on the process of the crystal cell differentiation. 
(a) Images from posterior parts of late third instar larvae of eater-
GAL4/+ (Control, left), eater-GAL4/UAS-Rac1T17N (Rac1T17N, 
middle) and eater-GAL4/UAS-SCAR-RNAi (SCARRNAi, right). 
Scale bar, 100 µm. 
(b) The graph shows sessile crystal cell number of each genotype. 
Overexpression of dominant negative Rac1 or plasmatocyte-
specific knockdown of scar, ctbp, and rabankyrin did not make a 
significant difference compared to control. 16 larvae were analyzed 





8.3. Impairment of Graf-dependent GEEC does not affect 
crystal cell production. 
 
The other type of clathrin-independent endocytosis is the GPI-
enriched endocytic compartment (GEEC) endocytosis pathway. 
Sungdae Kim first demonstrated that Drosophila Graf is an essential 
component of the GEEC endocytosis in downregulating EGFR 
signaling and revealed a molecular mechanism underlying the 
recruitment of ubiquitylated cargoes to this clathrin-independent 
endocytic pathway (Kim et al., 2017). To verify whether the GEEC 
endocytosis affects the crystal cell differentiation in larval stages, 
UAS-Graf-RNAi was expressed with eater-GAL4 drivers. 
Plasmatocyte-specific knockdown of Graf did not induce the 
decrement of sessile crystal cells (Figure 24a and 24b), suggesting 
that GEEC endocytosis does not influence the crystal cell 




Figure 24. Loss of Graf does not influence the crystal cell 
differentiation. 
(a) Images from posterior parts of late third instar larvae of eater-
GAL4/+ (Control, left) and eater-GAL4/UAS-Graf-RNAi (GrafRNAi, 
right). Scale bar, 100 µm. 
(b) The graph represents that plasmatocyte-specific knockdown of 
graf did not induce the decrement of sessile crystal cells. 16 larvae 












9. Serrate-induced Notch internalization is altered by the 
knockdown of abi. 
 
9.1. Serrate-induced Notch internalization is blocked by the 
knockdown of abi. 
 
The genetic data described above such as downregulation of Notch 
signaling in abi mutants and genetic interaction of abi with notch and 
serrate strongly support that Abi regulates Serrate mediated Notch 
signaling during transdifferentiation. In addition, the phenotypic 
similarities between the mutation of abi, notch and endocytic 
molecules suggest that endocytosis might be necessary for 
controlling Notch signaling by Abi. To unravel the function of Abi in 
Notch signaling at the cellular level, I set up the cell culture system 
for the exclusion of complexity within an organism to study of 
signaling mechanism (Klueg and Muskavitch, 1999). S2 cells, which 
derived from embryonic hemocytes, are suitable for this study. To 
try to mimic in vivo environment, co-culture system was adopted 
as a method. 
The induced S2-Mt-N cells by copper sulfate were co-
cultured with Myc-tagged Serrate-expressing cells to make the 
circumstance of ligand-dependent Notch signaling activation. Two 
hours after co-culture, internalized Notch receptors were localized 
in the endosomal structure with Serrate-positive vesicles in control  
cells (Figure 25, Control). This observation implicates that the 
localization of Notch receptor was dependent on the existence of 
their ligand. To find out the role of Abi that regulates Notch 
receptor endocytosis, I observed the changes of Notch localization 
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Figure 25. Serrate-induced Notch internalization is blocked by 
knockdown of abi, Chc, and WASp. 
Confocal images of co-cultured S2-Mt-N cells labeled with anti-
Necd antibody on surface (Surface Notch, first column, green) and 
in cytosol (Internal Notch, second column, red), and S2R+ cells 
transiently expressing Ser-Myc (third column, blue). The forth 
column for merged channels. In control, with the presence of 
Serrate, Notch receptor showed punctate form in cytoplasm 
colocalized with Serrate. Treatment of Notch expressing cells with 
abi dsRNA showed that Notch receptor was enriched at the 
adherent membrane with Serrate expressing cell, not observed in 
the cytoplasm. Treatment with Chc dsRNA in Notch expressing 
cells exhibited that Notch receptor internalization blocked as same 
as the phenotype of the treatment with abi dsRNA. In Notch 
expressing cells with Rabankyrin dsRNA displayed normal 
internalization of Notch receptor with Serrate. Notch receptor 
internalization is blocked by treatment with WASp dsRNA. 
Treatment with SCAR dsRNA in Notch expressing cells showed that 
Notch receptor was localized at the plasma membrane as well as in 
the cytoplasm. These results from a collaboration with Sungdae Kim 





through the knockdown of abi in Notch expressing cells. First, I 
found that Notch expression itself was not affected by the 
knockdown of abi (Figure 25, abi dsRNA). Moreover, there was no 
problem in targeting the membrane that adhered to the Serrate 
expressing cells. However, Notch receptors are localized at the 
adherent membrane with Serrate expressing cell and could not be 
seen in the cytoplasm. These data support that Notch internalization 
is ligand-dependent and Serrate-induced Notch internalization is 
blocked by the knockdown of abi. Thus, Abi is a key molecule of 
Notch receptor endocytosis. 
 
9.2. Abi-mediated Notch internalization is regulated by 
clathrin-dependent endocytosis. 
 
The genetic data that I mentioned above strongly support the 
possibility that Abi-WASp complex might be involved in Notch 
signaling by clathrin-dependent endocytosis for sessile crystal cell 
population. The cellular data revealed that Abi is critical for the 
endocytosis of Notch receptors. To analyze which endocytic route 
is required for Notch internalization in the presence of Serrate, I 
examined the alteration of Notch receptor localization when each 
pathway component was knocked down by dsRNA.  
Knockdown of Chc disrupted the internalization of Notch as 
shown in the knockdown of abi (Figure 25, Chc dsRNA). Treatment 
with WASp dsRNA also demonstrated the impairment of Notch 
internalization (Figure 25, WASp dsRNA). Knockdown of SCAR 
treated with dsRNA partially interrupted the Notch internalization 
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because the internalized Notch was detected in the cytoplasm 
(Figure 25, SCAR dsRNA). As expected, knockdown of Rabankyrin 
showed no complication in Notch internalization and the internalized 
Notch receptors were detected with Serrate-positive signals 
(Figure 25, Rabankyrin dsRNA). Collectively, Abi regulates 





10. Abi functions in scab formation. 
 
Loss-of-function mutations of abi induce the decrease of the 
crystal cell population in late larval stage, as previously described. 
Given that crystal cells function in wound healing and clotting, 
mature crystal cells can release prophenol oxidase required for 
melanization. Effectively, crystal cells are required to form a scab 
during wound healing (Galko et al., 2004; Neyen et al., 2015). When 
puncturing the surface of larvae with needle tip to make the wound 
artificially, melanized cells were observed and guided scab 
formation. I performed functional assays using this method to 
investigate whether melanization was affected by the reduction of 
crystal cells in the mutation of abi. In wild-type, all of the injured 
larvae formed scabs (Figure 26a and 26b). In addition, scabs 
formed immediately and required 40 minutes to produce melanized 
cells after puncture. However, scabs were observed in 
approximately 60% of abi5/Df larvae and exhibited delays of 10 
minutes after puncture (Figure 26a and 26b). These phenotypes 
are fully rescued by expression of Abi in plasmatocytes. Expressing 
Abi with the mutant form of WAB domain under the control of 
eater-GAL4 driver had no influence on scab formation, though they 
were delays (Figure 26b, eater>Abi∆30-65 rescue). Thus, Abi-SCAR 
complex is not involved in the crystal cell function. Rescued larvae 
with plasmatocyte-specific expression of Abi mutant form in SH3 
domain failed to form scabs with time delays after puncture (Figure 
26b, eater>AbiW452K rescue). Therefore, Abi mutants have 
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functional defects in the crystal cell activity, supporting that Abi-
WASp pathway in transdifferentiation process has physiological 











Figure 26. Loss of Abi delays melanization at the injury site. 
(a) Live mount images after puncture wound assay in late third 
instar larvae of WT (upper panel) and abi5/Df (lower panel). Yellow 
arrows indicate wound sites observing melanized scab. Anterior is 
left side. Scale bars, 50 µm.  
(b) The graph displays the percentage of larvae with melanization 
at the wounded site. Larvae were analyzed at the indicated times 
after wounding. Note that all of injured wild-type larvae have 
melanized scab for 40 minutes post pricking. About 70% of 
wounded abi5/Df larvae showed melanized scab for 60 minutes post 
pricking, with 10 minutes delay to form a scab. Larvae expressing 
Abi under the control of eater-GAL4 driver (eater>Abi rescue) 
fully rescued the defect of scab formation. Larvae expressing Abi 
with the mutant form of WAB domain under the control of eater-
GAL4 driver (eater>Abi ∆30-65 rescue) restored levels of scab 
formation compared to control. Larvae expressing Abi with the 
mutant in SH3 domain under the control of eater-GAL4 driver 
(eater>AbiW452K rescue) did not completely restore the failure of 
scab formation. 16 larvae were analyzed per each genotype. These 
results from a collaboration with Sungdae Kim in our laboratory 


























1. Abi functions in hemocyte differentiation during 
hematopoiesis 
 
Research of the Drosophila hematopoietic system provides 
meaningful models studying the underlying components as fly 
hematopoiesis shares functions and mechanisms of evolutionarily 
conserved molecules with vertebrates. During fly development, 
each type of hemocytes undergoes proliferation and differentiation. 
Plasmatocytes, crystal cells, and lamellocytes are ultimately formed 
during Drosophila hematopoiesis. Three types of hemocytes are 
differentiated by specific signaling pathways dependent on the 
situation requiring their activity. Notch signaling is known to 
participate in the crystal cell specification and maintenance during 
embryogenesis. It has been known that the second step of the 
crystal cell development is controlled by Notch signaling occurring 
in larval stages. Moreover, Notch is necessary for massive 
differentiation of lamellocytes during infestation (Duvic et al., 2002). 
In mammals, Notch signaling regulates T cell development with 
stage-specific activation (Weng et al., 2004), and megakaryocyte 
differentiation (Mercher et al., 2008). However, the controlling 
mechanisms in the endocytic process of Notch signaling are poorly 
understood during crystal cell development. 
Given my preceding data, Drosophila Abi as a regulator of 
hemocyte differentiation through endocytic modulation of Notch 
signaling in hematopoiesis. I discovered that the decrement of 
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crystal cells when the loss of Abi, only shown in late third instar 
stage with no changes in total hemocyte population. This phenotype 
was attributable to the defect in transdifferentiation from 
plasmatocytes to crystal cells accompanied by downregulation of 
Notch signaling. Genetic and cellular approaches implicated that 
alteration of Notch activity in abi mutants was caused by the 
blocking of Notch receptor internalization with impairment of 
clathrin-dependent endocytosis. Previous study reported that 
Notch could be internalized through clathrin-mediated endocytosis 
in fly eye disc (Windler and Bilder, 2010). With this research, I 
elicited that Clathrin-dependent pathway transduces Notch 
signaling in plasmatocyte transdifferentiation, and this pathway is 
mediated by Abi-WASp interaction. It is previously reported that 
Delta and Notch extracellular domain were colocalized with Sara-
positive endosome at the mitotic stage during intestinal stem cell 
division (Montagne and Gonzalez-Gaitan, 2014). Further studies 
will reveal whether internalized Notch after Serrate binding goes 
through signaling endosome or not. Moreover, it should be 
determined whether the trafficking of Serrate and Notch requires 
Abi for targeting signaling endosomes.  
The ability of wound healing is indispensable for the survival of 
organisms to endure the inhospitable environment. Wound healing is 
a response to injury of epithelial tissues or damage of fetal 
epidermis (Martin, 1997; Singer and Clark, 1999; Colwell et al., 
2003). Melanization is an immune effector response to cuticle injury 
in the insect immune system. In Drosophila, wounding triggers the 
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rupture of mature circulating crystal cells and prophenoloxidase 
(PPO) release (Rizki et al., 1980; Gajewski et al., 2007). Crystal 
cells synthesize crystalline quantities of phenoloxidase (PO) that 
catalyze melanization. Larvae with mutation of abi have a functional 
defect in the crystal cell activity, and the rescue experiments 
support that interaction between Abi and WASp, not SCAR, is 
responsible for an efficient wound healing process of crystal cells. 
Thus, Abi-WASP pathway has physiological implication in the 
primary function of crystal cells.  
 
2. The role of Abi in the regulation of signaling pathway 
through endocytosis  
 
Endocytic molecules located in the endosomal compartment on 
these signaling pathways are known to be involved in hematopoiesis. 
Previous research studies have revealed that several signaling 
pathways play important roles in the process of hemocyte 
differentiation, such as Notch signaling (Duvic et al., 2002), EGFR 
signaling (Kim et al., 2017; Louradour et al., 2017), JAK/STAT 
pathway (Makki et al., 2010; Sinha et al., 2013) and so forth. 
Previous research in our lab reported that Drosophila Graf localizes 
prominently to early intermediates of the GEEC endocytic pathway 
and interacts directly with EGFR in a receptor ubiquitylation 
dependent manner to restrain plasmatocyte proliferation by 
inhibiting EGFR signaling (Kim et al., 2017). Rabex-5 negatively 
regulates Ras GTPase by promoting ubiquitylation of Ras, causing it 
to relocalize to an endosomal compartment, and act as a negative 
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regulator of Notch activity for appropriate proliferation and 
differentiation of hemocyte lineages (Reimels et al., 2015). 
Activated form of the ADP Ribosylation Factor 1 (ARF1) interacts 
with the hemocyte-specific endosomal protein Asrij to integrate 
multiple signalling pathways, including the JAK/STAT and Notch 
pathways as well as Pvr and Insulin signaling pathways, required to 
maintain blood cell homeostasis (Kulkarni et al., 2011; Khadilkar et 
al., 2017). Given these reports, it is indicated that endosomal 
regulation is an effective mechanism to coordinate signals in 
Drosophila hematopoiesis. 
Drosophila Abi is previously reported to have endocytic 
functions in macropinocytosis (Figure 27, right side). Gbb-induced 
BMP receptor downregulation through macropinocytosis was 
encouraged by Abi with Abl-Rac-SCAR pathway to restrain 
synaptic growth. It has been known that Abi and SCAR/WAVE are 
crucial for Rac-dependent membrane protrusion and 
macropinocytosis. In addition, Abi also binds WASP through its C-
terminal SH3 domain and stimulates WASP-dependent F-actin 
formation to regulate actin-based vesicular transport, endocytosis 
of epidermal growth factor receptor (EGFR), and surface 
distribution of EGFR and transferrin receptor (TfR) (Stephan et al., 
2008). Thus, Abi is a dual regulator of WAVE and WASP activities 
in actin dynamics. According to my research, Abi is involved in 
clathrin-dependent endocytosis as well as macropinocytosis, 




Comparing the role of Abi that endocytoses BMP receptor in 
synaptic growth, this research found that Abi plays the same role as 
an endocytic molecule to internalize Notch receptor in 
hematopoiesis. Abi acts on the macropinocytosis to attenuate the 
BMP signaling, whereas it functions on the clathrin-mediated 
endocytosis to sustain the Notch signaling. In order to cooperate 
the discrete endocytic pathway, Abi interacts with distinct actin 
regulator, SCAR/WAVE for macropinocytosis and WASP for 
clathrin-dependent endocytosis. Because Abl-dependent 
phosphorylation enables Abi to bind the SCAR/WAVE complex, the 
dependency on Abl kinase is critical for changing the direction of 
Abi. It is believed that Abi and WASp are engaged in clathrin-
dependent endocytosis while Abi-SCAR/WAVE pathway activated 
by Abl is associated with macropinocytosis. It is necessary to 
reveal the upstream signaling pathway that Abi determines the 
endocytic route depending on Abl role according to the cell context. 
The difference between clathrin-dependent endocytosis and 
macropinocytosis is not only the involvement of clathrin but the size 
of vesicles and morphological changes of the plasma membrane. 
Clathrin-coated pits on membrane invagination form vesicles of 
about 80–100 nm in diameter while macropinosomes follow 
membrane protrusion and exhibit over 200 nm in diameter (Kerr 
and Teasdale, 2009; McMahon and Boucrot, 2011). It can be fine-
tuned that signal transduction is accompanied by the small size of 
endosomes such as clathrin-coated vesicles. But in the case of 
signaling hyperactivation, the cell needs an effective way to remove 
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large amounts of the receptor from the plasma membrane in order 
to prevent signaling. It would be more efficient to make vesicles 
with a large structure such as macropinosomes. Hence, a different 
range of actin dynamics is required for plasma membrane depending 
on the size of vesicles. Thereby, the unknown cue that determines 
the required amounts of actin filaments transmits its signal to Rho 
GTPases, resulting in the preference to WASP or SCAR/WAVE for 
actin polymerization.  
As a consequence, these findings implicated that Abi regulates 
Notch signaling through clathrin-dependent pathway for 
transdifferentiation of plasmatocytes. Since the loss of human ABI 
is founded in primary myelofibrosis and acute myeloid leukemia, my 
research on identifying the physiological function of fly Abi will 
contribute to the understanding of the pathophysiological 







Figure 27. Current working model of Abi. 
An illustration indicates Abi as a general endocytic adapter. It 
demonstrates the dual role of Abi. Left side represents that Abi acts 
on the sustentation of Notch signaling via WASP to clathrin-
mediated internalize of Notch receptor in the crystal cell 
differentiation. Right side shows another role that the attenuation of 
BMP signaling through SCAR/WAVE to the macropinocytic uptake 
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조혈과정에서 Abelson 상호작용 








Abi 단백질은 Abelson 상호작용 단백질로 명명되었으며, SCAR 
복합체를 구성하는 요소로 small GTPase 중의 하나인 Rac1 
신호전달을 Arp2/3 복합체로 전달하여 actin의 중합화를 촉진한다. 
이전 연구에 따르면 Abi와 SCAR가 Rac에 의존하는 세포막 돌출과정과 
macropinocytosis에 작용한다고 알려져 있다. Abi는 actin 중합화에 
있어, SCAR 외에 WASp 단백질을 통해서도 이를 촉진한다고 
알려졌으며, 이 때에는 Rac1이 아닌 Cdc42가 신호전달을 매개한다. 
하지만 Cdc42-WASp 경로를 통한 Abi의 actin 조절이 가지는 
생물학적 의미에 대해서는 규명된 바가 미미하다.  
본 논문은 초파리의 Abi가 혈액세포 발생과정인 조혈과정에 미치는 
영향에 대한 것이다. Abi 단백질은 혈액세포인 plasmatocyte와 crystal 
cell에서 발현하며, abi 돌연변이체 유충은 late third instar 단계에서 
crystal cell의 수가 감소하고 Notch reporter인 NRE의 발현이 
현저하게 줄어들어 있는 것을 발견하였다. 유전학적 연구를 통해 abi와 
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notch가 상호작용하여 crystal cell의 분화과정에 관여한다는 것을 
확인하였으며, 이러한 결과들로 Abi가 Notch 신호전달을 조절하여 
plasmatocyte에서 crystal cell로의 전환분화(transdifferentiation) 
과정에 필수적으로 작용한다는 것을 증명하였다. 또한 Abi는 Notch 
신호전달을 위해 Notch 수용체의 clathrin-dependent endocytosis를 
촉진하는데 이 때에 Rac1-SCAR 신호전달보다는 Cdc42-WASp 
신호전달을 활성화시켜서 actin을 조절한다는 것을 밝혔다. 따라서 본 
연구는 초파리 모델을 이용하여 조혈과정에서 Abi의 생리적 기능을 
규명한 것으로, 사람에서 Abi 단백질의 결손이 발견되는 골수증식성 
종양의 병리학적 기전 연구에 활용될 수 있는 기초자료로서 충분한 
가치가 있을 것으로 사료된다. 
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